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Summary Changes in gait performance in 153 subjects with PD using
three rhythmical cues (auditory, visual and somatosensory) were measured
during a simple walking task and a dual walking task in the home. Subjects
were ‘on’ medication and were cued at preferred step frequency. Acceler-
ometers recorded gait and walking speed, step amplitude and step frequency
were determined from raw data. Data were analysed with SAS using linear
regression models. Gait performance during a single task reduced with cues
in contrast to a dual task where PD subjects appeared to benefit from
rhythmical cues (increased speed and step length). Effects were dependent
on cue modality with significant improvements for auditory cues compared
to others. A significant short-term carry-over effect of cues reduced 3 weeks
later. Cues may reduce attentional demands by facilitating attentional allo-
cation, accounting for differences of cue seen during single and dual task.
Furthermore cue modality may influence attentional demand which is an
important consideration for rehabilitation.
Keywords: Cues, gait, Parkinson’s disease, attention, dual-task interfer-
ence, stimulus-response compatibility
Introduction
Gait deficits are persistent in PD despite optimal pharma-
cological and drug management and are associated with
reduced independence and safety, highlighting the impor-
tance of developing alternate approaches to the manage-
ment of these problems. Evidence from pre-clinical studies,
systematic reviews and clinical trials supports the use of
cues to improve gait performance in PD (Morris et al. 1996;
Thaut et al. 1996; McIntosh et al. 1997; Deane et al. 2001a,
b; Howe et al. 2003; Lim et al. 2005; Nieuwboer et al.
2007). External cues have been defined as external temporal
or spatial stimuli which facilitate the initiation and con-
tinuation of repetitive sequential movements such as gait
(Nieuwboer et al. 2007). Different types of cue modality
provide information about step frequency or step ampli-
tude and the information from the cue modifies motor
responses associated with gait parameters. External infor-
mation in the form of cues is argued to preferentially activate
cortical, parieto-premotor pathways (Cunnington et al. 1995;
Debaere et al. 2003). Activation of these pathways may pro-
vide a means to avoid the basal ganglia and serve as a com-
pensatory mechanism allowing temporary access to motor
programs governing movements such as gait which are
problematic in PD.
Gait deficits are exacerbated during the performance of
dual tasks in PD because the need to concentrate on both
walking and concurrent tasks exceeds available attentional
resources (Bond and Morris 2000; Bloem et al. 2001;
O’Shea et al. 2002; Rochester et al. 2004). Deficits in
executive function documented in PD could add to those
difficulties (Litvan 1999; Cools et al. 2001). Executive
function is defined as the ability to plan, manipulate in-
formation, initiate and terminate activities, and recognise
errors (Goverover 2004). Attention is an important part of
executive function. Appropriate allocation of attention
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according to changes in task and environmental require-
ments may be impaired in PD accounting for the gait inter-
ference observed during dual and multi-task activities. In
support of this, studies have shown significant associations
of executive function with dual task performance in PD
(Rochester et al. 2004; Yogev et al. 2005). Some evidence
from our group has shown that external rhythmical cues
can reduce gait interference associated with dual task
performance and this may be due to improved allocation
of attentional resources (Rochester et al. 2005). Detailed
investigation of different cue modalities however has not
been undertaken and the optimisation of cueing methods
requires further work to increase understanding of the
attentional demands and mechanisms of cueing.
We examined three different modalities of external
rhythmical cue and tested the cues under single and dual
task conditions. As subjects were tested in the home, envir-
onmental demands also contributed to the performance
with each cue type. Firstly, we hypothesised that the exter-
nal cues would improve gait performance during single and
dual tasks; secondly that the three modalities of external
rhythmical cue would result in differences in gait perfor-
mance as a result of different attentional demands; and
thirdly that cues would have immediate carry-over effects
which would disappear three weeks later.
Materials and methods
Subjects
153 patients with idiopathic PD were recruited from three centres around
Northumbria University, Newcastle upon Tyne (UNN), Katholieke Univer-
siteit of Leuven (UNL) and the Department of Neurology at Vrije Univer-
siteit Medical Center of Amsterdam (UNA). The study was approved by the
ethics committee of each participating centre. All patients gave informed
written consent to the study. Eligibility criteria were: a diagnosis of idio-
pathic PD, defined following the UK Brain Bank Criteria (Hughes et al.
1992); stable medication usage; Hoehn & Yahr stage II, III or IV (Hoehn
and Yahr 1967); at least one score 2 for one or both limbs for either the
tremor, rigidity or the bradykinesia items of the UPDRS; able to walk
independently; age 18–80 years; no severe cognitive impairments (Mini
Mental State Examination (MMSE)) 24 (Folstein and Folstein 1975); no
other severe neurological, cardiopulmonary or orthopaedic disorders; ab-
sence of drug related fluctuations making testing difficult, and no participa-
tion in a physiotherapy program two months prior to commencing the trial.
Patients were excluded if they had undergone functional neurosurgery. See
Table 1 for subject details. This study was conducted as part of a larger
effect study of cueing therapy on gait and gait-related mobility reported
elsewhere (Nieuwboer et al. 2007).
Experimental protocol
The effect of three different cue modalities on gait performance was inves-
tigated using a test of functional gait which allowed inferences to be made
regarding the relative attentional cost of task difficulty and cue modality.
Subjects started from standing and were instructed to: walk to a chair placed
6 m away, pick up a tray with two cups on it (filled to a standard level), turn
around through 180, carry the tray back to the start position and stop. They
were asked to walk at their preferred speed and concentrate equally on all
elements of the task. Measurements were taken in the ‘on’ phase of their
medication approximately 1 h after medication, verified by asking subjects
to fill out a visual analogue scale rating how well their medication was
working. Eight trials of the test were repeated as follows:
Baseline – No cue (B1);
2 cue trials (auditory, visual or somatosensory);
2 cue trials (auditory, visual or somatosensory);
2 cue trials (auditory, visual or somatosensory);
Baseline – No cue (B2).
The baseline trials were repeated three weeks later in a subset of subjects
(N¼ 77) who were randomised as part of a larger clinical trial to see if any
short-term effects of cues were retained. The order of presentation of the
three paired cue trials was randomised. Cues were delivered using a proto-
type cueing device worn on a belt around the waist. The device emitted a
flash of light generated by a light emitting diode attached to the subjects
own glasses or a pair of clear glasses (VIS); an auditory tone delivered via
an earphone (AUD); a somatosensory cue through a miniature vibrating
cylinder worn under a wrist band (SS). Subjects were asked to synchronize
each step with the rhythmical auditory tone, flash of light or vibration.
Frequency of cueing was determined during a 10 m walk test at preferred
walking speed. Gait was measured using an activity monitor (described
below) applied in the home before testing. Movement was not restricted
in any way by either the monitor or the cueing device and subjects were able
to move freely and perform all activities as normal.
Equipment
The Vitaport Activity MonitorR (VAM) (TEMEC Instruments Inc) is a valid
and reliable tool for measuring gait (White et al. 2006). It was used in PD
subjects to determine time and step frequency during the functional test.
The activity monitor consists of a portable data recorder worn on a belt
around the waist. Movement is measured with accelerometers that record
gravitational force and accelerations of the moving limbs and trunk. Five
accelerometers were attached to the body: one on each leg positioned on the
lateral aspect of the thigh midway between the head of the femur and the
mid point of the patella, orientated in the sagittal plane, and three accel-
erometers were placed on the lower third of the sternum, with the sensors on
Table 1. Characteristics of patient group (n¼ 153)
Mean (SD)
Demography
Male=female 88=65
Age 67.06 (7.54)
PD characteristics
Disease duration 8.25 (5.09)
Hoehn &Yahr stages during on II=III=IV 71=64=18
Freezing of Gait Questionnaire (0–24) 8.73 (5.29)
Clinical data
Unified Parkinsons Disease Rating Scale -total (on) 56.03 (16.01)
Levodopa (mg) 457.82 (341.14)
Mini Mental State Exam 28.17 (1.82)
Brixton score (1–10) 3.99 (2.22)
Hospital Anxiety and Depression Scale
(depression subscale)
7.20 (3.50)
Multidimensional Fatigue Inventory 62.76 (17.93)
 Expressed as number of patients and p-value based on Chi-square test.
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a specially designed block positioned so that they were orientated in the
sagittal, longitudinal and transverse planes. The skin was cleansed with an
alcohol swab and shaved where necessary. The accelerometers were attached
to the skin with Hypafix tape (HypafixR, BSN Medical). Each accelerometer
was connected to the portable battery powered VAM (Vitaport) (TEMEC
Instruments Inc) by cables placed under the subject’s clothes. Data were
sampled at a frequency of 32 Hz and stored on a removable memory card for
later analysis. Data were analysed using a specifically designed software
program (Vitagraph) (TEMEC Instruments Inc).
Data analysis
Walking speed, mean step length and step frequency were estimated from
the distance walked by each subject in his=her home, the time taken and
number of steps determined from raw data collected by the VAM and
described in a previous study (Rochester et al. 2004). Walking speed, step
amplitude and step frequency were calculated for two conditions: (1) sin-
gle¼walk; (2) dual task¼walk and carry tray. Within each condition, the
difference between the cued and final non-cued (B2) trials were compared to
the first non-cued B1 trial for each gait variable (speed, step amplitude and
step frequency). Change in performance between conditions was also cal-
culated for each variable and described as the interference effect using the
following equation:
Condition 1 ðsingleÞ  Condition 2 ðdualÞ
Condition 1 ðsingleÞB1  100 ¼ Interference effect
Differences between cue modalities were also compared. Data were ana-
lysed separately by a tester who was not involved in data collection and the
tester was blinded to cue order for the trials. Data were analysed using linear
regression models for repeated measures in Proc Mixed with SAS (version
8.2). Alpha level was tested two-sided and set to P ¼ 0:05.
Results
Demographic subject data are shown in Table 1. Subjects
had moderate levels of PD (H&Y II–IV) and were between
the ages of 40–80 years. They did not suffer from dementia
(MMSE 28.17 1.82), they did, however, show evidence
of poor levels of executive function (Brixton score:
3.99 2.22) according to scaled scores on the Brixton test.
Subject numbers varied during trials due to recording fail-
ure or inability to complete testing but on average data
from 130 subjects are included in the analysis.
Differences between single and dual task (interference)
In the first non-cued baseline trial (B1) a dual task signif-
icantly reduced walking speed by 12.6% (1.18) (P
0.0001) and step length by 12.7% (1.16), (P 0.0001)
but not step frequency (Table 2). All cue modalities signifi-
cantly reduced the interference effect of the secondary task
on gait speed, and step length (Table 2, Interference effect)
suggesting that all cues reduced attentional demands.
The effect of cues on gait performance during single task
The estimated means ( SE) for each variable during
walking are shown in Table 2 and change scores are in
Fig. 1. Walking speed decreased with all cues during
the single task, and was significant for the visual and
somatosensory cue modalities (VIS: 0.07 (0.02) m=s,
P<0.0001; AUD: 0.01 (0.01) m=s, P¼ 0.21; SS: 0.04
(0.01) m=s, P¼ 0.006). The change in speed was related to
a small but significant decrease in step amplitude for the
visual cue (0.01 (0.01) m, P<0.0001) compared to the
auditory and somatosensory cues (AUD: 0.01 (0.006) m,
P¼ 0.27; SS: 0.001 (0.006) m, P¼ 0.87) and significant
reductions in step frequency for all cue modalities (VIS:
5.23 (0.76) steps=min, P<0.0001; AUD: 2.75 (0.74)
steps=min, P¼ 0.0003; SS: 4.09 (0.76) steps=min, P<
0.0001). The final non-cued baseline trial (B2) showed a
short-term carry-over effect of cues with significantly in-
creased walking speed (06 (0.01) m=s, P<0.0001) and
step length (04 (0.006) m, P<0.0001) but no change in
step frequency (0.29 (0.66) steps=min, P¼ 0.66). A com-
parison of performance between cue modalities indicated
that performance with the auditory cue was greater than
with the other two modalities for walking speed (m=s)
(AUD v VIS, P<0.0001; AUD v SS, P¼ 0.04; VIS v
SS, P¼ 0.01) and the visual cue for step amplitude (m)
(AUD v VIS, P<0.0001; AUD v SS, P¼ 0.11; VIS v SS,
P¼ 0.02).
Table 2. Descriptive data for walk and dual task performance and the
interference effect between trials during non-cued and cued trials in
Parkinson’s disease subjects. Velocity, step amplitude and cadence are
expressed as estimated means  SE
Single task
(mean SEM)
Dual task
(mean SEM)
Interference effect
(DTW=Wb1)  100
Velocity (m=s)
Baseline 1 0.96 (0.02) 0.84 (0.02) 12.6 (1.18)
Visual 0.89 (0.02) 0.81 (0.02) 8.74 (1.02)
Auditory 0.94 (0.02) 0.87 (0.02) 6.95 (0.86)
Somatosensory 0.92 (0.02) 0.86 (0.02) 5.95 (1.03)
Baseline 2 1.02 (0.03) 0.94 (0.03) 6.26 (1.24)
Step Amplitude (m)
Baseline 1 0.55 (0.01) 0.48 (0.01) 12.7 (1.16)
Visual 0.53 (0.01) 0.50 (0.01) 7.06 (0.87)
Auditory 0.55 (0.01) 0.51 (0.01) 7.21 (0.74)
Somatosensory 0.55 (0.01) 0.51 (0.01) 6.99 (0.85)
Baseline 2 0.58 (0.01) 0.53 (0.01) 7.86 (1.12)
Cadence (steps=min)
Baseline 1 104.85 (0.95) 105.20 (1.15) 0.38 (0.73)
Visual 99.62 (1.05) 100.52 (1.10) 1.02 (0.51)
Auditory 102.08 (1.05) 102.1 (1.05) 0.17 (0.49)
Somatosensory 100.73 (1.07) 101.77 (1.08) 1.26 (0.56)
Baseline 2 105.12 (1.00) 105.89 (1.08) 1.09 (0.55)
 Denotes a significant different when compared to non-cued baseline trial
(B1) for single, dual or interference effects. N¼ 130 single task; N¼ 132
dual task.
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The effect of cues on gait performance during a dual task
The estimated means ( SE) for each variable during the
dual task are shown in Table 2 and change scores are in
Fig. 1. Walking speed increased with auditory and soma-
tosensory cues during the dual task which was significant
for the auditory cue (AUD: 0.04 (0.01) m=s, P¼ 0.006; SS:
0.02 (0.01) m=s P¼ 0.14). This was achieved through a
significant increase in step amplitude for both these cue
modalities (AUD: 0.04 (0.007) m, P<0.0001; SS: 0.03
(0.006) m, P<0.0001), despite a significant decrease in
step frequency (AUD: 3.04 (0.80) steps=min, P¼ 0.0002;
SS: 3.38 (0.89) steps=min, P¼ 0.0002). The visual cue
showed different responses with a significant decrease in
speed (0.03 (0.01) m=s, P¼ 0.03) and step frequency
(4.63 (0.91) steps=min, P<0.0001) and an increase in
step amplitude (0.02 (0.006) m, P¼ 0.002). There was a
short-term carry-over effect of cues in the final non-cued
baseline trial (B2) with significantly increased velocity
(0.11 (0.01) m=s, P<0.0001) and step length (0.06 (0.008)
m, P<0.0001) and no change in step frequency. A com-
parison of performance between cue modalities indicated
that performance with the auditory cue was greater than
the visual cue for walking speed (AUD v VIS, P<0.0001;
AUD v SS, P¼ 0.09; VIS v SS, P<0.0001) and step length
(AUD v VIS, P¼ 0.0003; AUD v SS, P¼ 0.18; VIS v SS,
P¼ 0.01).
Carry-over effects of cues at B2
Significant increases in speed and step length in B2 were
not retained 3 weeks later. Values were no longer signifi-
cantly different from the first non-cued baseline trial (B1)
for single (velocity: 0.03 (0.02), P¼ 0.07; step length:
0.01 (0.01), P¼ 0.44) and dual task (velocity: 0.03 (0.02),
P¼ 0.10; step length: 0.01 (0.01), P¼ 0.22).
Discussion
In agreement with others, the dual task resulted in signifi-
cantly decreased walking speed and step length compared
to the single task showing evidence for increased difficulty
with dual tasks in people with PD (Bond and Morris 2000;
O’Shea et al. 2002; Rochester et al. 2004). Increased de-
mands of the dual task compete for attentional allocation
with the motor task of walking (no longer controlled auto-
matically by the basal ganglia) and utilise attentional re-
sources (Bond and Morris 2000; Rochester et al. 2004).
We hypothesised that external cues would improve gait
performance during single and dual tasks and this was
partly supported by our findings. External rhythmical cues
improved gait during the performance of a secondary motor
task and reduced or had minimal effects on walking during
a single task, in agreement with our previous findings in a
small study (Rochester et al. 2005). Dual task performance
in comparison to a single task therefore appeared to benefit
more from the presence of cues. This may be explained by
Fig. 1. Change scores (parameter estimates  SE) for each cue type
from baseline 1 during single (white bars) and dual (grey bars) task.
N¼ 130.  denotes a significant difference from baseline within each
task. VIS visual cue, AUD auditory cue, SS somatosensory cue and
B2 baseline 2
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the fact that subjects simply found the dual task more inter-
esting and were more engaged with it compared to walking
alone, thus levels of arousal and performance were height-
ened relative to the single task condition.
An alternative explanation, however, may relate to an
increased reliance on external information under increased
task difficulty, particularly where there are coexisting def-
icits in executive function. Cues could act as an attentional
biasing signal favouring cued performance and facilitating
more efficient allocation of attentional resources (Behrmann
et al. 2004). Where executive function is reduced (as in the
present study) subjects may gain benefit from the action of
cue to improve attentional allocation, which is further sup-
ported by the significant association of executive function
with gait interference observed in PD (Rochester et al.
2004; Yogev et al. 2005). The external rhythmic informa-
tion provided by the cue may reduce attentional load as it
informs the motor system about the temporal sequencing of
the task rather than needing to internally plan and prepare.
The decrease in interference between single and dual
task suggested that cues reduce attentional cost through
the preferential activation of parieto-premotor pathways
(Debaere et al. 2003), thereby creating spare capacity for
performance of concurrent tasks. In support of this, move-
ments occurring in response to external stimuli are shown
to involve reduced volumes of brain activity compared to
movements that are internally generated (generated by
will) (Weeks et al. 2001). In particular there is evidence
for reduced activation of the dorsolateral prefrontal cortex
and the anterior cingulate cortex which are considered to
have a role in executive function and attention (Weeks et al.
2001). These authors suggest that cognitive processing of
internally generated movement is more complex than exter-
nally cued movement where requirements for movement
preparation are reduced. Differences in interference (dual
task-single task) however, need to be interpreted together
with differences within each condition (visual cues reduced
speed for single and dual task) and cautions against the use
of a single measure to understand attentional influences on
motor control.
Our results confirm our second hypothesis that there
would be differences between the modalities of external
rhythmical cue as a result of different attentional demands.
There were significant differences in performance between
the three cue modalities. Visual and somatosensory cues
reduced walking speed and step length during the single
task, while the auditory cue had little effect but did not
impair performance. Step frequency however was signifi-
cantly reduced for all cue modalities. As step frequency
was constrained to preferred rate it may be that subjects
had difficulty matching the frequency of the cue. Perfor-
mance during walking with the auditory cue agrees with
previous work showing only small effects of the cue on
step length and walking speed during a single task (Howe
et al. 2003; Willems et al. 2006).
Reduced effects with cues may relate to the influence of
cueing step rate at preferred frequency. In the present study
step frequency was determined during a test of straight line
walking, which is a more simple task and step frequency
may therefore have been overestimated for walking during
the test of functional gait. In addition the added influence
of testing in the home may account for the small effect
sizes seen. Reduced performance, especially with visual
cues suggests that in fact this cue modality interfered with
gait during single and dual walking conditions. A com-
parison of the same stimulus modalities in the upper limb
also found that subjects responded more easily to the audi-
tory cue than the visual and somatosensory cues and per-
formance with the auditory cue was faster in terms of
reaction times (Weeks et al. 2001). The level of congruence
of stimulus and response may be an important factor in
explaining the differences with cue modalities and the tem-
poral parameter of gait (step frequency) in our study. A
flash of light may be difficult to associate with rhythmical
stepping in comparison to an auditory or somatosensory
modality which may have a more natural association with
the temporal qualities of gait. These results are further
supported by cue preference from a larger study where
68% of people with PD chose the auditory and 32% the
somatosensory cue and no subjects preferred the visual cue
(Nieuwboer et al. 2007).
Significant carry-over effects of cues on speed and step
length during single and dual tasks were seen in post cue-
ing baseline trials (B2) and the effects seen were greater
without than with cues. These were not accompanied by an
increase in step frequency which returned to pre-cueing
levels. These responses are difficult to explain but have
been reported by others (Kritikos et al. 1995). Effects on
speed and step length may result from increased attention
(Morris et al. 1996; Cunnington et al. 1999) and indicate
that cueing at preferred cadence may have restrained effect
sizes of cues. The carry-over effects had gone three weeks
later when gait was retested indicating the effects of cueing
were short lasting in support of our third hypothesis and
in agreement with others (Morris et al. 1996).
The findings of this study are restricted to the external
rhythmical cue modalities investigated and also limited to
cueing at preferred step frequency. Cues were also only
tested when subjects were ‘on’ medication and results can-
not be generalised to when ‘off’ medication. The effect
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sizes are modest and this may again be related to the fre-
quency of cueing or the fact that this study evaluated the
short-term effects only and no training period was used.
This study provides new evidence for the positive effects
of cueing on dual task performance and suggests that per-
formance with cues can be generalised to functional activ-
ities and also to the home environment in which testing
took place. These results together with those of a clinical
trial of cueing therapy demonstrating improved balance
and no evidence of increased falls as a result of therapy
(Nieuwboer et al. 2007) question the association of dual
tasks with falls risk. In addition, the differences observed
with cue modalities and during the performance of differ-
ent task complexities highlights the need to increase our
understanding of the mechanisms of cueing in order to
optimise the delivery of cues as a rehabilitation strategy.
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